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Based on the results of these tests both the 10KW and 200 KW transformers will
be pie rather than layer wound. A 10KW transformer rectifier system is presently
being integrated with a breadboard inverter for final verification.

During the first half of this program, a numerical method was developed for
the solution of the nonlinear lumped parameter transformer model. This model
was developed under the previous contract, but no stable solution had been found.

he present solution is for a resistive load and work is continuing to include
leakage inductance, shunt capacitance, and an arbitrary load impedance. The
present program has been implemented on the HP 9830 machine.

As mentioned above, pie wound transformer design programs have been written.
These are for interactive design on the HP 9830 and are not self optimizing
routines. A decision should be made as to the ultimate application of these
programs before a decision whether or not to implement them on the CDC 6600.__ _
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The materials studies support of the 200KW transformer task are completed
with exception of evaluation of some of the newer fluorine based dielectric
fluids. Preliminary designs indicate specific weights in the neighborhood of
0.05 1b/KVA for these transformers. Consideration is presently being given to
increasing the operating temperature in order to reduce heat exchanger weight.

In support of the general materials studies, several improvements were made
in the magnetic core model which permit accurate simulation of hysteresis and
I-V curves for most core materials. The model has been compared to existing
models and found to be superior in both simplicity and accuracy in all cases.

Computer aided design of transformers is facilitated through two trans-
former design optimization programs, TRANSOP and TDOP2. Additional work is
planned to improve their versatility and usefulness by including some of the
newer transformer configurations, i.e., pie windings and magnetic shunts.
Improvements in ease of utilization, computational effivicncx and documentation
are also planned.
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SECTION IIX

Introduction and Summary

Thermal Technology Laboratory, Inc. under the
USAF Contract F33615-75-C-2014 is performing a
comprehensive analytical and experimental program to
develop design techniques, experimental high power
low specific weight transformer systems, and high
power lightweight DC to DC converter system test beds.
The effort consists of the following: (1) the
development of a 10 KVA inverter transformer suitable
for development elsewhere of experimental converter
circuits and systems, (2) the refinement of the real
time models and computer design optimization programs
for inverter, pulse, and sinusoidal waveshape transformers,
(3) the development of two experimental 200 KVA inverter
transformer systems, (4) the design, fabrication, and
testing of two 200 KVA converter system test beds,
(5) the design and fabrication of a high voltage non-inductive
load for testing the converters. These tasks are
summarized below.

In Task 1, a ten (10) KVA experimental inverter
transformer has been designed to Government furnished
requirements, assembled, and subjected to preliminary
tests. A second set of windings have been prc. ided for
experimentation and the computer program is being modified,
to correlate with the measured electrical performance
of the transformer.

In Task 2, the inverter, pulse, and real time models
of the transformer are being refined by generalizing the
steady state and real time models:; determining and
implementing a program procedure which will accomodate
both models; developing an improved computer aided system
fSr design optimization, and programing on site the
WPAFB CDC 6600 computer.

In Task 3, two 200 KVA inverter transformer systems
will be designed, fabricated and tested in conformance
with requirements provided by the Government. Materials
compatability tests will be conducted and special cooling
systems designed to match the transformer parameters.

One transformer will be designed to work with SCR type




inverters and the other designed to work with plasma
switch inverters.

In Task 4, two complete operational 200 KVA converter
test beds will be designed, fabricated, and tested in
accordance with the requirements to be provided by the
Government. One converter will utilize SCR's and the
other plasma switches. A packaging philosophy will be
developed and implemented in the electrical, thermal,
and mechanical designs. Emphasis will be placed on
safety, minimum weight, thermal and electrical performance.
A detailed test plan will be submitted prior to testing.

In Task 5, a noninductive load for testing the
converters will be designed, fabricated, and tested. The
load will be designed to minimize changes in performance
due to varying duty cycles and input powers. Safety, and
electrical and thermal performance will be emphasized.

Summary

Several major developments have occurred in this
program. As is often the case in research, they did
not occur exactly in accordance with the original plan.
The total program however is essentially on schedule.

New techniques for fabrication of pie wound
transformers were developed which yielded superior designs.
This development was followed by the development of computer
aided design programs for pie wound transformers. Several
10KW transformers have been fabricated and subjected to a
variety of tests. Based on the results of these tests both
the 10KW and 200 KW transformers will be pie rather than
layer wound. A 10KW transformer rectifier system is
presently being integrated with a breadboard inverter for
final verification.

During the first half of this program, a numerical
method was developed for the solution of the nonlinear
lumped parameter transformer model. This model was




developed under the previous contract but no stable
solution had been found. The present solution is for a
resistive load and work is continuing to include leakage
inductance, shunt capacitance, and an arbitrary load
impedance. The present program has been implemented on
the HP 9830 machine.

As mentioned above, pie wound transformer design
programs have been written. These are for interactive
design on the HP 9830 and are not self optimizing routines.
A decision should be made as to the ultimate application
of these programs before a decision whether or not to
implement them on the CDC 6600.

The materials studies support of the 200KW transformer
task are completed with exception of evaluation of some
of the newer fluorine based dielectric fluids. Preliminary
designs indicate specific weights in the neighborhood of
0.05 1b/KVA for these transformers. Consideration is
presently being given to increasing the operating temperature
in order to reduce heat exchanger weight.

In support of the general materials studies, several
improvements were made in the magnetic core model which
permit accurate simulation of hysteresis and I-V curves
for most core materials. The model has been compared to
existing models and found to be superior in both simplicity
and accuracy in all cases.

Computer aided design of transformers is facilitated
through two transformer design optimization programs,
TRANSOP and TDOP2. Additional work is planned to improve
their versatility and usefulness by including some of the
newer transformer configurations, i.e., pie windings and
magnetic shunts. Improvements in ease of utilization,
computational efficiency and documentation are also planned.




SECTION III

Technical Discussion

3.1 Summary of capabilities of original program (TRANSOP)

The original computer program developed under Contract
F33615-72-C-1944 for computer aided transformer design
optimization was documented in report No. AFAPL-TR-75-15,
Volume II, "Final Technical Report on Development of
Lightweight Transformers for Airborne High Power Supplies,
Computer Users Manual'. The program consisted of a
procedure, FUNCTION TDP, and its associated subroutines
and functions, which determined a consistent set of
dependent design parameter values for a given set of
independent design parameters. In addition, the prcgram
contained a driver procedure, PROGRAM TDPLOT, to aid in
optimizing transformer designs. This procedure read
control and independent design parameter value data from
an appropriate input file and generated corresponding
outputs. The outputs are in the form of 3-dimensional
line printer and/or Cal-Comp plots of the user defined
objective function versus two of the independent design
parameters being optimized. Also, a listing of the final
(optimized) transformer design parameter values are
computed by FUNCTION TDP. A procedure, PROGRAM TERMOP,
was developed to facilitate utilization of PROGRAM TDPLOT
from a remote time share terminal. This program prompts
for appropriate free formatted control and independent
désign parameter data input and generated the necessary
control and input data card images on a file for submission
to the REMOTE INPUT FILE as an INTERCOM BATCH job. Output
resulting from execution of PROGRAM TDPLOT as an INTERCOM
BATCH job can be listed at a remote time share terminal or
ROUTED to a batch site printer.

FUNCTION TDP designs 3-phase layer wound, vaporization
cooled rectangular-crossection, C-core transformers. The
user must specify: (1) the conductor cooling rates or
standard wire gauge (AWG), (2) core lamination width,

(3) core lamination thickness, (4) core lamination
insulation thickness, (5) number of inside core laminations,
(6) number of outside core laminations, (7) insulation
dielectric strength, (8) delta or wye connected primary




and secondary windings, (9) the number of inside

secondary winding layers, (10) coolant boiling
temperature, (1ll) coolant vaporization cooling

coefficient and exponent, (12) conductor insulation
thicknesses, (13) insulation thermal resistivity
coefficients, (14) resistivity temperature coefficients
and zero degree centigrade resistivities (15) core spacing
factor, (17) densities, (18) primary and secondary,
line-to-line full load emf, (19) operating frequency,

(20) coolant heat of vaporization, (21) hysteresis dissipation
coefficient and exponent for the Steinmetz relationship,
(22) maximum number of convergence iterations, (23) Full-load
output power, (24) eddy-current dissipation coefficient,
{25) core saturation flux density, (26) cooling spacing
factors, (27) minimum spacings, (28) enclosure thickness,
(29) enclosure cooling rate, and (30) whether conductors
are cocled on both or one side. The function initially
assumes that the transformer efficiency is 100% and
iteratively converges on the actual efficiency to within

a specified error. The function then computes the
remaining 300 transformer design parameters.

The major advantage of the TRANSOP program is its
ability to provide visual information on parametric
relationships in the form of plots. Another useful
capability is its ability to consider non standard
transformer designs having different size inner and outer core
leg cross-sectional areas and different inner and outer
core leg winding wire sizes. The large number of parameters
make it possible to consider and analyze many other
transformer design parameter characteristics.

Unfortunately, such detail makes the program quite
large with a tendency to be time consuming and laborious
to utilize. This subsequently lead to the development of
much simpler and easier to use interactive programs in
HP-BASIC to run on an HP-9830 A programmable calculator.




3.1.2 New Transformer Design Optimization,
Program II (TDOP2)

A second transformer design optimization program
(TDOP2) has been implemented on CDC-6000 series computing
systems in Extended FORTRAN. This is a translated and
highly modified version of a simpler and correspondingly
less versatile program previously implemented in BASIC on
an HP-9830. TDOP2 allows ranging of specified transformer
parameters over specified ranges (e.g., core area, conductor
size, number of primary and secondary layers, etc.) For
each combination of ranged parameter values (along with
the fixed input parameters), the program computes the
design properties of a transformer by means of an iterative
convergent efficiency computation. In addition, bounds
may be set on derived transformer parameters (e.g.,
minimum efficiency., maximum per unit resistance and
reactance, one or more physical dimensions, etc.).

3.1.2.1 Transformer Design Capabilities

Transformer design parametric relationships incorporated
in to TDOP2 include:

.

Leakage Inductance

A standard approximation for calculating leakage
inductance L of a transformer, referenced to a secondary ;
winding of N turns is:

L =32McN2l 2107 (nd+ ) henries (1)

where

= Number of turns in secondary winding

Mean circumference of primary + secondary winding (inches)
Height of cylinder type coil (inches)

= Number of interleavings of primary and secondary layers
Distance between primary and secondary layers (inches)
Primary + secondary winding thickness (inches)

Il

i

i

D =0 2
)

This formula has been verified for accuracy in previous
transformer designs, and is used in the program.

——




The corresponding leakage reactance in ohms, Xj, is
given by:

Xe = 2T FL (2)
where f = operating frequency, Hertz

The leakage reactance on a per unit basis, Xy is
given by:

= A e (3)

where Ig = secondary winding current, ohms

Po output power, watts

I

In general, the leakage reactance of most designs
could be maintained at about 0.02-0.03 by maximizing the
number of interleavings, n .

Per Unit Resistance

The program computes the total dissipation (copper loss)
P. in watts per coil by

c
- 2 £
/DC‘“IP Rp 'f'Is /‘?5 (4)
Where Ip = primary winding current, amperes
Rp = primary resistance, ohms
I, = secondary winding current, amperes
R, = secondary resistance, ohms

The computed resistance values include both AC
resistivity and temperature coefficient of resistivity
effects.

The per unit resistance, R, is given by

R=3F}/Po (5)




In general, as the unit surface cooling rate
increases, the per unit resistance increases. A

limitation on maximum per unit resistance can prevent
utilization of very high unit surface cooling rates.
This factor can lead to the ultimate selection of
forced o0il cooling over vaporization cooling,when
very high unit surface cooling rates are not required.

Primary-to-secondary interleaving

The primary effect of an increased number of
primary to secondary interleavings is to reduce the
leakage inductance. The program assumes that for a
given number of primary and secondary layers, the
coils will be arranged so as to maximize the number of
interleavings.

AC Resistivity Effects

As conductor diameter and operating frequency increase,
skin effects become more pronounced. The net result is
that for a given conductor diameter, the apparent resistance
of the conductor is greater at high frequencies than the
D.C. resistance. The published tabulated data for this
AC resistivity increase were fitted to the equation

Rac/ Roc = 0.9908 + 0.1768 ((x-2.0) +\/(x-zi+0283" | (6)

where
Ra~/R resistance ratio, AC to DC
AC/ ©'DC
x = 0.271767 d V£ (for copper conductors only)
d = conductor diameter, inches
f = operating frequency, hertz

]

The relationship is theoretically valid only for
isolated conductors, but it has been applied to the side-
by-side conductor situation existing in a transformer coil.
The effect has been included in the program.




Duty Cycle

Duty cycle has a significant effect on the choice
of cooling system and the resultant overall system size
and weight. For very low duty cycle operation an
adiabatic system (no explicit  cooling system) can be
constructed with adequate thermal capacity and with
reasonably sized cores and conductors. Because there
are no external cooling system components, this system
can have decided size and weight advantages. Such a
system, however, may not meet higher duty cycle requirements
and active cooling systems would have to be employed. The
effects of thermal capacity on necessary cooling rates is
considered in the program for any nomcontinuous duty
transformer.

Load Voltage

The necessary full load secondary rms line-to-line
emf is equal to 0.74 for a Three-Phase Bridge or 1.1l1 for
a Single-Phase Bridge times the average bridge rectifier
dc output emf divided by the cosine of the value of .694
times the commutation overlap angle, i.e.

Est =0.74 * £, [cos (0.694 * X))  3-PHASE (7a)

Est = 11l * £p [cos (0.694 ¥ o) /- PHASE (7b)

where
Egr, and Eg are in equal units and « is in radians.

The full load secondary rms winding emf is equal to
the line-to-line emf for single-phase and 3-phase delta
connected secondary and to the line-to-line emf divided
by the square root of 3 for a y connected secondary, i.e.




s = E, D\ § SNGLE PHASE (8a)

by = f_sa /\[j1 2 Y (8b)

Load Current

The secondary rms line current is equal to 0.816
for a Three-Phase Bridge or 1.00 for a Single-Phase
Bridge times the average bridge rectified dc output
current times the rms load current waveform factor, i.e.

I

Ls, =0.8/6 *I,*F 3-PHASE (9a)

Ls, = Loo * T, *F, /= PHASE (9b)

where
Ig;, and I5 are in equal units and
Fr, = 1.11 for half wine wave load current waveforms
1.04 for semi square wave load current waveforms
1.00 for a constant DC load

The rms secondary winding current is equal to the
rms line current for Bingle-Phase and 3-Phase wYe connected
secondary and to the rms line current divided by the square
root of 3 for a delta connected secondary, i.e.

Isw % Isz. . Y (10a)
Lo = Ly /@ﬁ - A (10b)
10




3.1.2.2 Surface Cooling Rates & Cooling System
Descriptions

Attainable surface cocling rates (cores, conductors,
rectifiers plates) are a function of the cooling system
under consideration.

Three basic methods of cooling can be specified.
Natural convection cooling relationships are presently
not included in the program. The rate of heat removal
by liquid natural convection is very low (on the order of
0.1 watts/(sqg.in-C). A brief description of the physical
aspects of each system follows.

Vaporization Cooling

In a vaporization cooled transformer, the coil
assemblies are formed in concentric layers, with annular
cooling passages between layers. When immersed in a low
boiling point coolant, such as Freon 113 or 3 M's FC 78,
the Joulean heat raises the coil temperature, the coolant
at the coil surface boils, and the vapor escapes through
the cooling passage by natural bouyancy forces. The heat
of vaporization of the fluid, combined with the agitation
resulting from vapor bubble flow, results in the capability
of extremely high heat transfer rates at the conductor
surface. The generated vapor must either be expended or
condensed and returned to the system. Cost, logistic, and
environmental conditions must be considered. The volume
and weight of a condenser whose capacity matched the on
time dissipation rate would generally be large, even if
thermal capacity is included. The use of a smaller
capacity condenser (one whose capacity equals or exceeds
the dissipation rate averaged over an entire cycle,
including off time) requires a vapor storage facility.

An accumulator could be used for this purpose, maintaining ;
an essentially constant pressure system, but the vapor
generation rate generally requires too great a volume

to be practical. For example, a 3 MW transformer dissipating
45 KW (98.5% efficient) using an F1l13 vaporization cooling
system would generate approximately 22 cubic feet of vapor
during each 15 seconds of operation, ignoring thermal
capacity effects and heat transfer to the environment.

L




The alternative to a constant pressure accumulator
cooling system is a constant volume system, wherein the
s’stem vapor pressure is allowed to vary with the fluid
temperature; that is, the system pressure is always the
vapor saturation pressure corresponding to the fluid
temperature, and incipient boiling conditions always
prevail. The physical housing of such a system including
the case and all case seals, penetrations, and gasketed
joints, must be designed to withstand the maximum internal
pressure anticipated, as well as the possibility of negative
internal pressure during low temperature non-operating
conditions.

Vaporization cooling is capable of unit surface cooling
rates of 1.0 to 50.0 watts/(sq in-C). Use of the higher
end of the range of cooling rates available with this
system may lead to system efficiencies below the minimum
acceptable value for some applications. Consequently,
full use may not be made of this cooling capability to
achieve minimum size and weight.

Adiabatic System

An adiabatic system relies solely on the thermal
capacitance of the system elements to absorb the dissipated
heat without excessive temperature rise. No explicit heat
transfer to the environment is included; rather, it is
assumed that the off time bhetween operating intervals is
long enough to ensure stabilization of the equipment at
or near ambient temperatures prior to the next operating
interval, by natural modes of conduction, free convection,
and radiation.

The obvious advantage of the adiabatic system is the
weight and volume saving associated with the absence of
any explicit cooling system. Conductor sizes in adiabatic
systems tend to be larger than those in systems employing
explicit cooling means, the overall weight of the transformer
is greater, but system weight can be less, since a cooling
system is not required. Rectifiers in an adiabatic system
must be provided with a heat absorbing sink in the form of
a metal plate of sufficient thermal capacity.

12




Surface cooling rates are so low that for practical
purposes, they may be assumed to be zero. Dissipative
elements must be designed to have sufficient thermal
capacity to absorb the generated heat during an operating
interval with an acceptable temperature rise. These
systems are generally suitable for total on time within
an operating interval of about 60 seconds or less. The
time between operating intervals must be on the order of
24 hours or more to allow a sufficient cooling down period.

Forced Liquid Cooled Systems

Forced o0il cooling systems provide a compromise
between vaporization cooled systems and adiabatic systems.
Vaporization cooled systems provide a very high heat
transfer capability, but require a cooling system
carefully designed for each application. Adiabatic
systems provide a very low thermal capability, but do so
with extreme physical simplicity. Forced oil cooled
systems provide a moderate thermal capability, using
cooling system components which are usually somewhat smaller
than for vaporization cooling but also require a pump and
motor. The tradeoffs must be evaluated.

A forced oil system is physically similar in
construction to a vaporizatibn cooled system, although
actual dimensions may differ. Coil assemblies are formed
in concentric layers, with annular cooling spaces between
layers. The coolant is an o0il chosen on the basis of
thermodynamic properties, dielectric bhreakdown characteristic,
cost and availability, and other pertinent factors. The
coolant is forced through the cooling spaces by an external
pump. The transformer design must minimize flow paths
in parallel with the cooling spaces and must ensure an
adequate oil flow velocity in each channel and in all
portions of a given channel.

Forced liquid cooling is capable of unit surface
cooling rates of 0.1 to 1.0 watts/(sq in 2 C), dependent on
the. thermodynamic properties of the fluid coolant and on
the coolant velocity. Coolant flow rate must be correlated
with the head-flow characteristics of the available pumps,
and with total system pressure drop, including external
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heat exchanger. The available cooling rates for moderate
flow rates of a typical transformer oil can be compatable
with the required system characteristics and minimum
weight and volume.

Forced Air Cooling

Forced liquid cooling relationships are also
characteristic of a forced gas cooled system when gas
compression is not significant.

Forced air cooling, using ambient air blown through an
open coil transformer structure and an open rectifier bank,
can achieve cooling rates in excess of 0.1 watts/(sq in-C),
and requires only a blower and filter as an external
cooling system. When very high voltages are involved,
this type cooling system may not be acceptable on the
basis of safety and contamination with subsequent breakdown.

3.1.3 Transformer Design Optimization Function
Considerations

The obvious and usually specified objective function
for a design optimization is the transformer weight. This
specification usually arises because the design optimization
of the overall system is broken into sections which include
the design optimization of subsystems with the transformer
being treated as an individual component whose weight adds
to the total weight of the system. Therefore, by
minimizing the weight of each subsystem component the
overall system weight would be minimized. It is believed
that the preceeding is not necessarily a valid assumption.
It appears that if a minimum weight optimization of the
overall system design is carried out on the overall
integrated system, the resulting optimal transformer design
may not be a minimum weight transformer. Therefore,
transformer weight is not necessarily a suitable transformer
design optimization objective function in itself.




systems designed to match the transformer parameters.
One transformer will be designed to work with SCR type

To support the preceding statements and derive a
suitable objective function for minimizing the overall
system weight, the following general analysis of a
representative system is presented.

Source Sub-system Load
-— P ‘ P 5
Wg.CqiM o I Wi Con e o Wy, Cp, My,
|
P
L
¥
Heat Sink
W, Cu oy
Fig. 3-1

Minimum Weight System Block Diagram

Fig. 3-1 is a block diagram representation of a
sub system interconnected to the remainder of a system
whose overall weight is to be minimized. where:

Py = input power to sub system
o useful output power from sub-system
Py = sub system power losses

o
Il

Wy = weight
C,, = specific weight
ny = efficiency

Xs = source

Xe = sub system (component)
X1, = load

Xy = heat sink

The total system weight Wy is equal to the sum of the
weights of the sub systems, i.e.

Wr = We + We + W, + Wy (11)

LS




Substituting for the sub-system weights their corresponding
specific weight and power, i.e.

W =0C *P (12)

We can rewrite the system weight relationship in terms
of specific weights, i.e.

Wr ZCs* P +Cc ¥R+ C, ¥R +Cu * A, e

Rewriting the input and loss power in terms of the output
power and sub system efficiency, i.e.

A=A (%) (15)

Substituting, the total system weight equation now
becomes

Wr =Cs *B/ne+ Cc ¥R +CL*P0+C//*po*('/+;i-C> e

Dividing through by the sub-system output power we have
a resulting relationship for the specific weight of the

total system, i.e. ?
Wr cS _/_
C'r: Eo— = ﬁz +CC+CL+CH*<nc‘/) (17)

The individual specific weights can be represented as
ratios of the specific weight of the sub-system of
interest, i.e.

CS = RS x Cc (lBa)
Co = Ay * Ce (18b)
Cu =Ry * (¢ (18c)
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The specific weight of the total system can now
be specified in terms of the specific weight and
efficiency of the sub-system of interest and the ratio
of all other specific weights to it i.e.,

@ /
C; = Rs G *+ Co + R, Ce * Ruls (-/+7&) (19)

Factoring out Cg:

R R
CT = CC i nz + RL i RH =+ nﬂc + | ) (203)
€ :
= 5 (Rs+ Ry +Me (1 +R-Ry)) (208)

This relationship can be used as the objective function
for the design optimization of a sub-system (component)
in a minimum weight system. The objective function can
be simplified if certain relationships exist.

ir Rs + Ruw =0 on  Bs v By $K 1+ R =Ry 121a)
THEN Cp ot Cg

Ce
or IF Rs+Ry W I +R -Ry THEN C; % N, (21b)

When little or no information is available on the specific
weight ratios it is felt that the later simplified objective
function gives a more suitable optimized sub-system design
than the former simplified objective function.

Therefore, in the design optimization of a transformer
or transformer-rectifier system as a sub-system in a
system whose total weight is to be minimized, it is more
desirable to use weight divided by efficiency rather than
just weight as the design optimization objective function.

&l
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In general the preceeding statement says that it is
desirable to maximize efficiency at the same time weight
is being minimized. In maximizing efficiency, losses are
being minimized, and therefore we should be able to restate
our objective as the desire to minimize losses and weight.
The two relationships are not identical as they possess
different weightings as is indicated in Fig. 3-2. The
latter, W (1-n), favors higher efficiency and weight while
the former ¥ favors lower efficiency and weight. The
difference arises from the fact that as (1 -N) goes
from O to 1;%‘-qoes from 1 tooo . As the system analysis shows
§ to be the optimization funcfion for minimizing total
system weight, then a sub system optimized using the
objective function C (1 -n ) will not yield the desired
results but rather one that favors higher efficiencies
at the expence of higher total system weight.

3.1.4 Sample Run and Flow Chart

Listing 1 presents a sample run. A user flow chart
is presented in Figure 3-3.

STA;£”t>
L?:

DETERMINE INPUT DATA .
PARAMETER VALUES i

S

—___ ¥ES
/#-(ID SEARCH DESIGN POINTS ke i ]
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Figure 3-3 (continued)

v

LIST PARAMETER DEF.
AS READ IN FROM
INITIAL DATA SET

ENTER "Y" ENTER "N"

CHANGE/ENTER
FIXED INDEPENDENT
PARAMETER VAL

—YED ENTER:
PAR. #, VALUE

0,0

i |

ENTER: PAR. #,
INITIAL VALUE,
INCREMENT,
FINAL VALUE,
# INCREMENTS

ENTER OPTIMIZABLE
PARAMETER DAT.

ENTER OPTIMIZATION
FUNCTION DATA

FUNCT. PAR. #,
MIN/MAX MULT.

ENTER: OBJECTIVE

ENTER MULTIPLE LISTED DESIGNS,
INDEP. PAR. RANGE DATA

INITIAL VALUE,
INCREMENT,
FINAL VALUE,

# INCREMENTS

ENTER: RANGED PAR. #,




Figure 3-3 (continued)
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3.1.5 Recommendations for Improvements to Present
Program

There are two general areas in which the present
program can be improved. They are: 1, the transformer
design procedure, and 2, the central and optimization
procedure, Improvements in the transformer design
procedure to incorporate appropriate physical and
thermo-electro-magnetic relationships to design transformers
having structures not presently incorporated in the procedure
(i.e., PIE windings, etc.) and allow for a more general
selection of independent and dependent parameters by the
user are recommended. Also recommended are improvements
to the control data I/0O, and optimization procedures to
increase user and program efficiency and ease of utilization
and reduce execution times.

3.2 10 KW Transformer Development
3.2.1 Design of Original 10 KW Unit

Numerous parametric sensitivity analyses were conducted
to derive the design of a 10 KHz, 10 KVA inverter transformer,
with both ferrite and Orthonol cores. Table I is a
comparative listing of the parameters for optimized
transformers with ferrite and Orthonol cores. Figures 3-4 & 3-5
are sketches of these optimized transformers.

Significant comparisons are: (1) Weight (K50); 0.909 1lbs
Orthonol core vs 2.47 ferrite core; (2) efficiency (K49);
93.6% Orthonol core vs 81.0% ferrite core; and (3) total
volume (K77): 12.92 cu.in. Orthonol core vs 31.24 cu.in.
ferrite core. The weights and volumes do not include any
auxiliary heat transfer apparatus. If this were included,
the Orthonol core transformer would show a further advantage
in weight, due to its higher efficiency.

It is interesting to note that the core dissipation (K73)
is lower for the ferrite (8.78 watts) than for the Orthonol
(23.3 watts), but that this advantage is insignificant
compared to the copper losses (K68) of 2335 watts for the
ferrite and 659 watts for the Orthonol.




AN R

R DU e RN IS SRR

F e

Vo OO T LN e G0

Fub o) Tl = e = e b e b et b
Ty
=

= o

o

v [ P
Ry

X
D W S

.y

el 0 ol ol Pl o

—

L
2P

it

P v (00 00— T L0 fa L

BB W

43

THELE 1

LEEHE

OUTFUT WOLTRGE s WOUT
IHFUT WOLTHGESYIH

FRIMARY FES 'TI”I1|-FF~H1H l
SECOMDAEY R ST IV T« P&
FEAE FLUS DEMSITYBMAX ‘LlHF-
FREQUEHCY s HE

FRIMARY WIRE DEMZITY.LES-O
SECOMHTARY WIRE DEMSITYsLE
CORE DEHSITY s LES<CU. TH.
COOLAHT DEHSITY s LEZSCLL TH.
FRIMARY HEATIMG FATE «HREF«WATTE
SECOHDARY HERTIHMGE RATEs HES s WHTT!
CORE DISSIFATION EATESPCsWATTELE.
CORE LEG WIDTHsHs« IM.

CORE LEL DEFTHsEs IH.

FRIMARY TUREHSLAYER s HDF
COUPLIMG COEFFICIEMT. O

FRIMARY SPACE BETWEEH TLEHZS1F
FRIMARY SPACE BETWEEHW LAYEER
PRIMARY-TO-CORE EWD SPACECVEFR
SECOMDARY SPACE BETHWEEH TUE
SECOMDARY ZPACE BETWEEM LAYER ;
SECORDARY - TH CORE EMD SPACECVYERT ia!
EFFICIEHCY IHCE <MAX.ALL.ERRORE: DED
COOLAMT HEHT [F wHPDRIerIHN.HFunETH LE
FRIMARY COMHECTION FRCTORE

SECOHDARY COMMECTION FACTOR

FRIMARY WIRE THCECEECT.WIRE COHLY D
SECONDARY WIRE THCECRECT.WIEE OHLY
HLIMBER OF IWMTERLEAYIHGS

COOLING SPACIMG FRCTOR IH, < CWMATTS S0,
FRIMARY-TO-CORE EHD SPACECHORELZ )5
FRIMARY~TO-SECOMDARY SFPACEsZFS« IH,
SEC-TO-SEC SPACECBETWEEH COILS s=58IM.
OUTFUT FOWERsWATTS

AIFR GAP LEMGTHs IH.

FELATIVE PERMERBILITY

EQUIYALEMT CORE LEMGTHs OUTER LEGs IH,
EQUIYALENT CORE LEHGTHs [HHER LEGs IH,
FRIMARY WIRE DIAMETERDIAPsIM.
SECOHDARY WIRE DIAMETERsDIAZS IH.

WIHDOW WIDTHsE: IH.
WIHDOW HEIGHTsDs IM.
HUMEBER OF FPRIMARY TLEHE
HUMEER OF SECOMDARY TUE
HUMBER OF FRIMARY LAYER DILsHFL
HUMBER 0OF SECOMDARY TURE LAYER s M=
HUMEBER 0OF SECOMDARY LRAYERSCOTL«HEL
EFFICIENCY

~IH

IL s HF
COTLsHE

32

i THOMAL

T T T
T T

L O S N T PO
Ll
m
i
il

=
=2 N

xR R R RS R
DU o Cat

—_— =
i o orion o

L
i
=

oy

PR
Dol

B S S S e

Do Rl >
LU R
]
a6

FERRITE

...,_k. ,_
DN Ao SN ot o
. =

LIRS S R R, S

« SAE=3
)]
L A5
. B5
1EBER
« E8 1
SEEa

1 3

W L direfires =
yul ? :
]

T e
i




TRELE 1sCONT

; OFTHOHMAL  FERFITE
T TOTHL WEIGHTs WTOTs LES. . 389 253

FRIMARY SELF IMDUCTAMCE, DUTER LEGsHEHREYS
SEC SELF IMDUCTAMCE. CEMTER LEGyHEHEYS
SEC SELF IMDUCTAMCEs OUTER LEGs HEHMEYS
IHCREMEMTAL EFFICIEHCY s DECTIMAL

wom
I
[

=J
o0

Sl REGULHTION REG 93.7 1.6
< COOLANT FLOMW RATEsLESASEL. .B162 : 83592
S OUTFUT CUREEMT » TOLT « HMF S 1 1
S [HFUT FOMERsFIHsWATTS 16681.4 12242. 3
S5 IHFUT CURREHT IIHs HMFS a7 .48 43,231
565 FRIMARY CUREEMT DEHSITV s JF HMFPSS S0, 1TH. FEE5E 51414
o SECOHDARY CURRENT DEHSITY s fSsAMFS 56, [N, 58957 53995
bt FRIMARY WIRE CESHsHAFsZ0. [H. 2.B83E-4 2.42E-4
55 SECOHDARY WIRE CSR«AS S0, IH, . 1 96E-4 .143E-4
i FLUY IH COREsLIHES 674,838 42328, 7
=1 FRIMARY DERTH: DFs IH. L1149 s 1S
e SECOHDAEY DEFTH DIizs TH. rira- .64
57 TOTHL MWIMDODIMG DEFTHs DSFaIH. 1.839 1.3
4 FRIMARY LEMGTH COILsLFsIH. 153. 427,
&5 SECOMDARY LEMGTH-COILsLEZ« IH. 138 36
6 FRIMARY RESISTAHCESCOIL s RPF«DHME «13 A
7 SECOMDARY RESTSTAMCE-COIL s RS OHME 47 6. 1696
1z DISSIFATION - COIL P s WATTS £58 2234
] TOTAL WIRE %OLUMEs W DU TH. . 394 BT T
| 7 E TOTAL MIRE WEIGHT s Wiy LES, « 128 e
1 ¢k COFRE WOLUME WSS TH., Y &
I TE CORE WEIGHTsMCsLES, e .
i e CORE DISSIFATIONSFCs WATTS 23..3 8
£ T4 TOTAL DISSIPATIONs FLAWATTS 2343.6
i 75 FRIMARY WIRE WOLUMESCOLIL WHF«CUL ITH. . 2ER
T SECOMDARY WIRE MOLUME-COIL s YRS CUL TH, S
s THHE WYOLUME W T CUL TH. 31.24
¥ 78 CODLAMT YOLUMEsWFy UL TH, 27 .47
I 72 COGLAMT WEIGHT«WFs LES Pt
S FRIMARY VOLTS-TUEH 2. 04
2 SECOHDARY WOLTES-TUREN 1.65
FRIMARY SELF IMDUCTHAMCECEHMTER LEGsHEMEYS 95.3E-3
1 g

MIHIMUM SPHCIMGY TH. . 85 a5
LEAKAGE IMOUCTAMCE FEL TO SECOMIAREYHEMEYS «d19E-3 «B37E-3
g LEAKAGE IMDUCTAMCE REL TO FPRIMHEY s HEHEY S 24, 1E-3 73.%9E~-3
b FIGURE OF MERIT - -
| CORE CoMsS6. IM. Bl a.3
CORE ASFPECT RATIO=LDEFTH -WIDTH 1 i
TAHE WIDTHsIN, 2evl 3. 16
THHE DEFPTHs IH. 2.39 2.561




T

SCALE @ FULL
SP.WT7. = 0.09LB/KVA

=
|
L |

10 KVA 10 KHz
INVERTER TRANSFORMER
CORE/COIL ASSY.

ORTHONOL CORE

Fig. 3-4

34

—




X
< . L
N,
X s
/ 2l BRI S
SV Vo
S 4
L ALY
i ﬁ
E TW. — ('
N
m N
19} M\Fu
,./,
| %
2 5
| N O B
< MFAM
0 (o]
i = insmameitd L | S EE
e ———— L N
U~ B MOE {
HEOER ™
| SIS
= =1 H R e e————e——— % m B5E &
_ e OH Om A
1 _ wll
| m = — M
N | = —
m =

I




It appears from this data that orthonol cores show
significant advantages over ferrite cores for this
application. Additional data will be generated for 10 KVA,
5 KHz transformers, and for 200 KVA transformers with heat
exchangers.

All major parts and materials for fabrication of the
10 KW transformer/rectifier assembly are on hand. The
primary coils will be wound with # 20 AWG heavy Formvar
wire. A special double coated wire by Viking Corp. which
has the property of self bonding has been chosen for the
secondary windings. The mandrel parts have been submitted
to U.B. for fabrication.

Detailed specification of the individual windings had
been with held pending the outcome of the review meeting at
AFAPL. Following the meeting, additional tests were made of
the Orthonol core which showed that all instabilities and
distortion are eliminated, if excitation is kept below 14KG.
Similar tests were run on a toroidal Supermalloy core of
approximately the same dimensions as the Orthonol core, which
showed that the excitation must be less than 8KG for this
material. It is expected that introduction of an air gap
would force a further reduction in excitation. The maximum
flux density is shown plotted as a function of RMS volts
per turn for the Orthonol core in Fig. 3-6. The expected
induced voltage will be 3.2 volts per turn. This was
experimentally verified before proceeding with the winding
specification.

3.2.2 New Optimized Designs

Using the CDC6600 TDOP2 transformer design program,
a number of new transformers were designed. These have a
shell construction using two "C" cores as shown in Fig. 3-7.
Materials considered included both Orthonol and ferrite.
Cooling was by Freon 113 vaporization in all cases. Both
special and standard cores were considered. It was found
that several standard cores could be used without a sub-
stantial sacrifice in overall weight. Some of the more
interesting designs are listed in Table2, These are all
for layer wound coils. A program modification to permit
consideration of pie wound coils in this program would be
desirable prior to designing the 200 XKW unit.
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Bn - Kilogauss

.506 cm2 = 0.0784 in2

17.73 cm

1

6.98 in.

cm = .35 in.
4 in.
5 in.

ihe
=lt

W

V/N - Volts per turn

A

Maximum Flux Density~vs-Volts Per Turn For Orthonol Core
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TABLE II
Design Data

Material Part No. a b d e WI.Lb. eff.%

Orthonol Special . LD AT 1.205 .802 1.43 94
Ferrite Special 1.323 1.323 18928 1E.333 5708 92
Ferrite Special 1.414 1.414 2,912 0.957 5.86 94

Orthonol Special 0.75 0275 0.988 0.836 1.06 96
Orthonol MC-1391 1.00 0. 75 1.300° 0.870° 1.779 95
Orthonol Special <5916 25916 1.232 0.905 0.95 95

3.2.3 Fabrication and Testing

As the fabrication of the 10KW transformer proceeded
and the personnel hecame more proficient in the assembly
of the unique structures involved, several new fabrication
techniques were conceived. The first coil, (Fig 3-8) was
constructed in a manner similar to the 50 KVA, 400 HZ
transformer. It had windings layered back to back with
paper insulation between. Each pair of layers was then
separated from the next pair by 1/16" square wood spacers.
The final assembly was then vacuum impregnated with varnish.
It was found that although this coil occupied only slightly
more than half of the core window, it had wide variations
in cooling passage dimensions and thus would tend to allow
non uniform cooling. The second coil wound (Fig. 3-9) was
made with individual single layers separated by 1/16' square
wood spacers. A transformer with this coil was installed
in a case for testing in Freon 113.

During the period when these coils were being fabricated,
the techniques for fabrication of pie wound coils were being
developed. Difficulties with mandrel alignment, tensioning,
precuring, and handling have all been solved. A complete
set of secondary windings have been fabricated as shown in
(Fig. 3-10). These are made of #34 AWG double coated wire
which can be made to self bond in a precuring operation.
Unfortunately, double coated wire is not available in
sizes above #23 AWG and even this is only available in
1,000 1b. lots. Therefore, a new spoked mandrel is being
fabricated which will permit temporary bonding of pie
wound coils with any size wire.
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First Layer Wound Coil
Fig. 3.g

Second Layer Wound Coil
Fig. 3-9
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Pie Wound Secondary Co

Fig. 3-10
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In the course of experimenting with pie winding, a
technique for multiple layering was developed which
permits much more dense packing of the wire than previous
methods. This technique will be employed in the fabrication
of all pie wound coils in the future.

The second layer wound transformer was installed in
a temporary container and successfully tested at full
rated current with 60 HZ excitation on both primary and
secondary winddings to cancel the flux in the core. The
total loss was 770 watts which is slightly above the
predicted loss of 582 watts. This will be drastically
reduced with the new pie windings. The leakage inductance
of this transformer was found to be 25.3 microhenries which
is also high. This will be reduced to the desired level
of less than 4.0 microhenries by interleaving the pie
windings.

3.2.4 1Inverter Cooling System - 1OKW System
The following is a preliminary cooling system design
for the 10 KW inverter transformer/rectifier, and analysis

of that design.

Input Data and Assumptions

Transformer
Copper Loss 511 Watts
Core Loss 59
Total Dissipation 570

Internal Height 2.30 Inches
Internal Depth 2.49
Internal Width 3.75 (4.00 with clearance)

Rectifiers

Type: (4) Unitrode 687-8 series
Approx total dissipation = 1.1 x 13 x 1 x 8 = 114.4

Overall Height 2 x 1.14 = 2.28
Overall Depth 2 X /5 = ¥.50
Overall Width 3045

Note that the height and width package dimensions are
determined by the transformer.

Total Power = 570+114.4 = 684.4, say 700 watts
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Package internal depth:

Transformer 2.49 Inches

Rectifiers 1.50
Clearances .38
Total 4,38

Cooling System: Use heat sink finned on both sides, machined
as required to form the top surface of the T/R unit. Cooling
air will be provided by a blower arranged for impingement
flow (cooling air flow from blower is normal to the finned
heat sink base area.).

For initial design analysis, use Thermalloy extrusion #6462
heat sink (.250 spaces, .125 thick fins, .655 in deep fins).

Condensing Side

Internal plan area of T/R unit = 4.18 x 4.00 inches
Condenser area = no. fins x area/fin + base area

No., fins in 4 inch width = 10

Area/fin = 4,38 x 0.655 x 2 = 5.74 sq.in

Total area = 10 x 5.74 + 4 x 4,38 = 74.90 sq in = 0.5 sq.ft.

Condensing heat transfer coefficient, hg

3 W Gl L AF G0
he = o . a9e3 le?i“—t—?r (22)

a

where F113
p;, = liquid density, 1b/cu.ft. 97.69
py = vapor density, 1lb/cu.ft 0.461
g = gravity constant, £t /hr2 4.173 E8
h = heat of vaporization, BTU/lb. 63.12
k = thermal conductivity, BTUh/(F-ft) 0.038
ug = viscosity, 1b/(ft-hr) 1.646
then ( 0.25
h = 264,498 ( e, ) BTuA /(sq Ft-F) (23)
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For L = 0.655 inch852§ 0.546 ft.
he = 337.08/ at”
Since Q = hA a t, (24)
(tp-tc) = Q/hA (25)
Where
tp = fluid temperature, F
te = condenser or case temperature, F
Q = thermal load, BTUh
A = condenser area, sqgq. ft.
a5
t_-t. = (700) (F)(2.413) (t -t )"/ 33708 (26)
s
(. -tV "= 0,953 (27¢(
Cp-t, * 0% (28)

External Forced Air Cooling

Assume Rotron "Spartan" fan, type S, motor series 682YS ?
Operating point = 50 CFM @ ,175 inches water
Forced air heat transfer coefficient:
No fins on air side (4.687 wide) = 12
Effective area = 12x.655x2x4.687+4.687%x2/3= 88.3 sq.in.
Total flow area (two directions)= 0.25x0.655x12x2 = 3.93 sq in.
At 50 CFM, air velocity = V =(50)x144/3.93 = 1832 ft/min
At assumed average air temp of 1l10F,
air density = 0.0696 1b/cu ft
air viscosity = 0.0465 1b/(ft-hr)
Equivalent diameter = 4x0.25x0.655/(2x(0.25+0.655))=362 in = 3
03 £e. (29)
Reynolds no. = .0696x1832x60x.03/.0465=4936 (30)
0.023 k/D Re?-8pr0.4 (31) f
0.023%0.0160/0.03x49369-8x0,70-4= 9,61 BTUh/(sq ft-F) (32)

siadesh

Re

]

= 2
]
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Since @ = hA (¢, -2, , (33)

te ~ta = Q/(44) (34)
where
t . = case temperature, F
t, = air temperature, F

heat transfer-coefficient, BTUh/(sq ft-F)
heat transfer area, sq ft.

> oo n
Il

1]

t ~ta = (700) (77 ) (3-#/3)/ [(9.61)(66-3/ 144] = 47.7 F (35)

The fluid temperature will average 47.7 + 0.9 = 48.6F
above the ambient air temperature, after repeatable cyclic
conditions have been attained. Assuming a maximum ambient
‘temperature of 100F, the fluid temperature of approximately
150F will generate an internal pressure of approximately
15 PS1G.

A more detailed transient thermal analysis will be
performed later in the program to determine the rate of
cyclic temperature increase and the peak temperature
excursion over the average.

The attached Figure 3-11 indicates the general outline
of the T/R system. The figure is a preliminary concept,
not necessarily to scale, and not necessarily reflecting
the final design. For example, the condensing fins appear
much longer than necessary, considering the low temperature
drop across the condensing surfaces. It is likely that these
fins will be reduced in length in the final design, reducing
the overall height somewhat.

3.3 Dynamic Analysis Programs
3.3.1 Characteristics of Magnetic Cores
The directly measureable characteristics of transformers,

while exhibiting certain nonlinearities, must be altered
either by signal processing or computation to yield information
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on the properties of the feromagnetic materials. Each
manufacturer has a preferred set of tests for core
evaluation depending on the particular application.

IEEE standards 164 and 106 describe in some detail

the particular tests which are deemed acceptable, but

the degree to which they are applied seems to vary from
one manufacturer to another. A list of tests which have
been implemented at TTL is shown in Table 3, Additional
tests for pulse and biased core transformers are described
in references[1l]through(4],

TABLE 3
Magnetic Device Tests
. Core Loss and Volt-Ampere Test (open circuit test)
Winding Loss Test (Short circuit test)

Sine Voltage Tests (B-H curve and V-I curve)
. Sine Current Tests (B-H curve and V-I curve)

.

SDwWw N
L]

The specific materials tested at TTL have been limited

to tape wound cores having lamination thicknesses from

% to 4 mils. The materials used in these tests were

Orthonol (50% Nickel, 50% Iron), Magnesil (3% Silicon,

97% Iron), and Supermendur (49% Cobalt, 49% Iron, 2% Vanadium).
A few samples of Permalloy (79% Nickel, 17% Iron, 4% Molybdenum)
and Supermalloy (78% Nickel, 1%% Iron, 5% Molybednum) were
tested along with two ferrite cores, but the most extensive
testing was performed on the first three materials mentioned.

The purpose of these measurements was to obtain data
for development of a mathematical model for transformers
which included the nonlinear properties of their cores.
This, of course, was not the first attempt that had ever
been made to model magnetic materials properties. It was
shown by Manly (Ref 6) that models based on the hyperbolic
tangent, arctangent, and lognormal functions fall short
of accurately representing the core properties. He pointed
out that even models which appear to closely fit measured
hysteresis curves fail to match the I-V characteristics.
Other models which have been developed include exponential
series (Ref 7): rational fractions (Ref 8), and least
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square curve fitting routines (Ref 9). Since none of
these were easily adapted to the requirements of a
transformer analysis and design program using minimal
computing equipment, an effort was undertaken to develop
a satisfactory model,

Such a model has been developed by TTL and its utility

in transformer analysis has been demonstrated. The transition

from dynamic analysis to design has not been made. So at

this writing, it has not been established that a transformer

can be synthesized from the TTL model.
The TTL Model

The TTL model is generated from three experimentally
determined parameters. These are the coercive force, the
saturation flux density, and residual flux density. The
mathematical form on which it is based is y = x/(a+ x )
where x is a function of the magnetic field intensity.

This function has the value zero at x = 0 and approaches
+ 1 as x becomes large in either the positive or negative
directions. Its resemblence to a magnetization curve was

one reason it was chosen as the basis for the model. The
mathematical expressions for various core properties are
shewn below.

BH Curves

The major loop is modeled as shown in Equation (37)

8 = 8, (H+KH¢)/|://C(B£:-/)+|/-/+KHCl] (37)

This Bquation exactly matches experimental data at the
points (Ho;0), (0,B.), (00,Bg). The symbol k, has a value
of -1 for the lower or right hand curve and +1 for the
upper or left hand curve. To represent a minor loop, the
upper and lower curves are shifted toward each other by
equal amounts such that they intersect at the points

(1Hp, * Bp). This shift is represented by a term

a8

(36)




; designated the displacement flux density, Bg.

Equations (38)and(39)can be used to generate a complete
set of B-H curves as shown in Fig. 3-12.

B=Bs<ﬁ/+/(/{c)/|://c<gf—/)+ly+k//C|]—K50 (38)

B e Bs(ﬁm‘f‘/‘/(‘) = B.S (Hm'/‘/(‘)
a2 He %: _/)+’,L/,,\+f/c4 Hc<%s‘ )+(//,..-/4c|

(39)

Magnetization Curve

The magnetization curve Equation (40) is modeled as
the locus of the points (Hpy,By) from Equations (38)and (39).

L By (Hm + He ) o Bs(Hn-He)
i B fé(é%i— ) +lﬁ#\+fk°l Aé(g%-—/)+lﬁ%’ﬁ%l

H-VS-B

(40)

The inverted form of Eguation (38) is shown in
Equation (41)

Ho= He (& -/)(B+KED)/[BS—|3+KBD|] _KkH. (4D

This form is particularly useful for determination of the
current from a known flux waveform.

Core Loss

Since the model represents a continuous closed hysteresis
loop, the integral over ome complete cycle will yield an
expression for the core energy loss per unit volume.

" g CH+|Hm-Hel \| _ (42)
Ep = 255]]”»«*”4 ’|H~\ He | + O (m>} 46, H,
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If the parameters used for Bg,B,, and H. are for some
frequency, F, then the total core loss will be represented
by the prcduct of Equation (42) and the frequency. For

dc data, Equation (42) represents only the hysteresis loss
and the loss at frequencies other than zero must include

a term for eddy current loss such as shown in Equation (43).

P = & (7575

Permeability

The incremental permeability may be modeled by
differentiation of Equation (38). The result is shown in
Equation (44).

S = Bs e (3 -1) ]/[”c -’)*Immcl] (44)

Since the incremental permeability approaches zero as the
magnetic field intensity approaches infinity, the permeability
of free space, u,, is added to Equation (44) to model the
total permeability of the material.

A term often used to describe rectangular core materials
is the squareness ratio, Br/Bs' This quantity approaches unity
for a perfectly rectangular core. The ratio of the
permeability at H = O to that at H = H¢ 1is

/ar//uc -_—(/__l‘:_;'>2 (45)

From this gquation it can be seen that for a squareness
ratio of 0.9 the slope of the sides of the modeled loop
is one hundred times that of the ends. Thus the model is
capable of representing extremely square materials, a
property which is lacking in most other core models.




I-V Characteristics

Two limiting cases occur for a driven core. They
are voltage source and current source conditions, hoth
of which are ideal cases. In Ref. 6, a sinusoidal current
source given by

T =T st (46)

which would force K to have the form

K = cos wt/|605 wt (47)

It may be shown that the induced voltage for a core of
cross-section, AL, and magnetic path length, £, is given
by

~

2 L
V. =—”—f’ﬁc—/awx<zmz—zz)z (48)

The derivation of VI characteristics for a voltage source
requires the numerical integration of a first order
differential Equation, and is discussed in the section on
dynamic modeling.

Comparison of Model with Experimental Data

Experimental and computed hysteresis curves are shown
in Fig. 3-13 for Supermendur at 77°K. It appears that
the slope of the sides of the computed curve are less than
that of the data. This problem is due mainly to the fact
that the value of Bg is hard to determine since it is not
possible to drive H to infinity. An alternative would be
to measure the permeability at H = H., and to compute the
saturation flux density from

By =ty He By [(fne He =5, ) (49)
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This yields a value of Bg = 1.59T, whereas the value used
in computing Fig. 3-13 was 1.7T. The recomputed hysteresis
curve is shown in Fig. 3-14.

Data for a Magnesil core with the following Table -4
specifications,are shown in Fig. 3-15.

TABLE 4

Magnesil Core Type 50086-2K

N = 50

A. = 4.3 x 10-6
£ = 8,47 % 10-°
Br = 1.5T

He = 43.9 at/m
Bg = 1.79T

£.= 60 HZ

The top curve is hysteresis and the lower curve is the I-V
characteristic, both were taken at five different values
of magnetic field intensity. The computed BH curves and
I-V characteristics are shown in Fig. 3-16. The most
obvious discrepancy is in the curvature of the peaks of
the I-V characteristics. This is thought to be due to
the fact that the source was loading slightly at the peak
so that the current was slightly non-sinusoidal. This
theory is supported by the analysis for the constant
voltage case which shown considerable rounding of these
curves.

Examination of the computed I-V characteristic shows
a discrepancy with experimental data in that the peak
values are shifted to the left much more in the data than
in the computed curves. Examination of the B-H curves
shown the same phenomenon. Namely the H axis intercepts,
Ho, are all much closer to the He in the computed results
than in the data. Experimental and computed values of H_-
vs - Hm are shown in Fig. 3-19. From this curve it is seen
that the TTL model in its present form deviates considerably
from the experimental data. Residual magnetization, By, is
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57

Ao Seikak ’ i

- 1 4
{

- + b — »

B, 0.5T/piv.

= Sl - 4
. T - 8 ¥ L
| /| |

‘ :

i H 40A?/Div

- 4

|

- T 4

A .* z

| =

Pt f PIRES }_»_-h. t W) S A |

i i B-H Curves , i

I | B 1 1 ] | i :

it o

.




oy Dl in L Co T
~ = 2y
/
/
ey ,/ o) - TTL Model
I
|
1
|
<0 I
I
|
PANY
I
|
- 30 - /
+ /
! =~
i | e
[
g /
3 /
3 20
8 I
- /
g /
/
e /
o 101 /
/
/
/
/
/
/
T T T T T T T T T .
o 20 40 60 Bo /00 120 140 160 /80 200

Hy, - Ampere turns per meter
Experimental and Computed H. - vs - H, for Magnesil
Fig. 3-17

58




o

plotted as a function of maximum flux density, Bp, in

Fig. 3-18. Here it is seen that agreement between

theory and experiment is excellent. A number of
modificatinns have been attempted to correct the model

by altering the H¢ term in the Equation as a function

of Hp. The results of two of the more promising approaches
are shown in Fig. 3-19. It is seen that the correction

Ho =[He % ] [ [ + He((Z1) ] (50)

has little or no effect on the curves while the correction

Ho = [He * H,,‘:l/ [+ #e ] (51)

tends to reduce the H axis intercept too much. There is
some question as to the importance of this problem since
the electrical behavior is determined primarily by the
maximum flux density and the instantaneous permeability.
These two characteristics are accurately represented by
the present model. While high accuracy is desirable in
modeling ali aspects of the material characteristics it
may not be required in the present program.

3.3.2 The Dynamic Model

The basic nonlinear transformer model is shown in
Fig. 3-20.

NV ]

+ Vo =
€e)() Q %La)

Fig. 3-20

Basic Model - Core Only

The describ%gq differential Equation is

L@y ge =€) ~RA es

where €/4)is (usually) a sine wave input. Given that
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Modified BH Curves Compared to Original Model

Figure 3-19
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C) = Vb sivwt

where

2m
W = T T 2T RAD/sec.

(53)

(54)

we will find it convenient to effect a change of time
scale so that one period of the sine wave requires one

second in terms of a new time variable 7 .

2We = eTFrF

so that

2Tt = 2777

therefore
il = -
and
5% < %

Equation (52)becomes
AL dT
Lu) de “ge = Ca)mRL
or
gL ) -Ri
o Fo Li)
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Equation (60) is the basic Equation which was programed
for the HP 9830 (the HP 9830 uses a modified basic language).

The nonlinear model of the core, L¢), is defined by
the equation

2
L\Z Ac/lo HC 5_: __/)
2
[H Bs -/ +| *Kﬁcl] (61)

where, for illustrative purposes, values in Table 5 have
been used as the parameters of the model:

Z(,(_)- N AC/IO

N = 50 ]
Ac = 4.3x 00 6 m*
L = 8.47x/0%m
Mo 24T X 1077 H)m \  MAGNETIC CoRE
Bs = LET TYPE 50086 -2K
8o 2 LET
He = 40 a,t//m _J
TABLE 5
Model Parameters
Equation (60) can be written as
di  _ L - &M/R (62)
ar - £ /R L (L)
and then integrated (graphically) as indicated in Fig. 3-21.
A
Y2
A
! |
| |
e Bose it ot
- ‘L;,,-PA?’ /
ﬂ/ °C
o /RL(:)
Fig. 3-21

Graphical Integration Procedure
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Equation (60) gives the slope of a solution curve in the
A(7T)vs T plane. Given a value of current £ at 7=T7 then
a line dropped from A to the curve —%g?has a length equal
to £ -€%9. This defines the point B. Next, on a line
parallel to the 7 ax1s lay of a line segment which is
equal in magnitude to °L(L). This defines the point C.
By construction, the llne A C then has a slope equal to

L -e(m/r
= /'o L(l-)

=

(63)

and hence, a "short' tangential segment of the line A C
constitutes a solution to Equation (62). One then moves
to the endpoint of the short tangential approximation and
repeats the procedure to obtain the next approximation
to the solution curve. Given that these tangential
approximations are "short enough", one obtains an
approximation to the true solution curve that can be made
arbitrarily close.

The graphical procedure can be implemented as a
difference equation on a computer by writing

"./q-{/ = m (A-'/,,,/"ZAT) BT+ sy (64)
where o :
. R SW(2MaTm) = Ly
/’"(/(m)mAT) b /VA(/“OB
fo | WAoo | £ C( ) (65)
2
T T B ]
=23
K=-1, whew gé <O (65a)
and
de
K=/, wHnen de¢ 29 (65b)
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When an engineer graphically solves the problem using
Equation (62) he learns to adapt the "size"' of the
tangential approximation to the steepness of the solution
curve. That is, for shallow slopes he is willing to let
the tangential approximation (the line element CD in
Fig. 3-21 be larger than when the slope is "steep".

We can approximate the physical feel the engineer develops
(who is graphically solving the problem) by using the
logic available on a digital computer to permit a variable
solution size that is slope dependent. For example, the
computer calculates a new point D based on a fixed
increment. However, before the point D is used as a new
jumping off point in the computation of the solution,

the slope of the line CD is checked. 1If the slope

exceeds a specified value, then the AT interval is halved
and the computation is repeated - starting of course from
the same initial point A. This procedure is repeated
until the slope falls within the constraint placed on it.
Obviously, a compromise must be effected-if we make the
slope constraint too severe then the digital process is
slowed up and one must pay an excessive price, in terms

of computer time, for a degree of precision that may not
be warrdnted.

Given that the current waveform must be recorded at
equal time intervals in order to do a time series analysis
(for example, a spectral analysis) then the computer must
also be programmed to record data only at A7 second intervals.
For this reason, the procedure of halving the intervals
is a good one, since the computer can remember the total
number of times that the interval was halved and hence
record only the A7 second interval points for later use
with, for example, a Fast Fourier Transform routine.

Core Model with Resistive Load Ladder Analysis
The model of Fig. 3-20 can be upgraded to that of
Fig. 3-22 in a relatively easy manner. In Fig. 3-22 let

the series resistance R become R; and call the pure
(equivalent) resistive load R,.
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R,
+ W e
L A) L) §Rz = & R, )

Fig. 3-22

Core with Resistive Load

Using Ladder analysis, we can write

~,
7é-z- [_(1-2)5+A>,+ L(13)s /Eo

R/ L(IZ)S-?'/ 7,
R2

4

R2 SL(72) £,

o / e
zﬁ)s LUr)s /&

TABLE 6

Ladder Analysis of Transformer
with Resistive Load

From Table 6 , it is seen that
£z = /
= 66
é; (R;"'/)SL(.Z})"’R/ ( )
or, in the time domain
£y ) L)L+ R iy = €t (67)
(sz )L 4 RLg = €(e)
RL 2ok RIRZ . i
i diz - €t) 238, ~ R eRs *2 (68)
L L(£z)

Accounting for the change of time scale, Equation
(68) becomes:
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RZ - R/ RZ .
dis C(T) Z+R2 ~ R +Rz *2 (69)

ar fol(/—.l)

Therefore the computer program associated with
Equation (67) can be used directly by letting

R
er) — C(7) fiz, (70)

and

~ RZ

R—» o8 (71)

Once the magnetizing current is known, the source
current and load current can be found from the ladder

analysis array of Table 6 From Fig. 3-22 we observe
that the source current is I, . From Table 6 we obtain
L(T
[ ( f)5+/
I, / (72)
£(Z2) ST
T, = et LSRR + 7
: Rz “ (73)
. / Rz R, Rz A, .
. = == - A
P Ly = Fa [E(T) R, +Rz2 R, + Rz _]+ 2 (74)
- e(r) + Rz 4, (75)
RL + Rz
also from Table 6 L T e L(T2) 4z (76)
d IL kS ;° /?z_ dT
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o' Load Current = 3(’7—/6 “‘:'z’

v (77)

To summarize, the magnetizing current is found by
solving

2 ecr) Kr  — g e <2
“"3— = A, # A Sty (78)
it 7o L~<(=a)
for < ¢2). The Load Current is:
Fe e i
/@/f/?a

and the total current drawn from the source is.

.."/ - e, (7)—/‘ S )
A, A s

Note that a "mix" of both frequency domain and time do-
main notation has been employed to determine the governing
differential equation. This "mix" of approaches is an efficient
analysis method and produces no error since the final result is
written in time domain. In this regard, < (Z,)5 has been
employed as an operator and correct results are obtained given
that Lrzy)s operates only on Iz, and that the final re-
sults are written as differential equations in the time domain.

Core Model With Resistive Load - Equivalent Circuit Analysis

Fig3-22 canalso be analyzed by the use of equivalent cir-
cuits., First, convert the voltage source to a Norton equiva-
lent current source (Fig.3-23).

0w e Y ==y
s S = &9l LOTHAEN
“O 1 fe, Fa s l;lil s B
R e
£, R, |+ LrE
Rl d? rl Lizy)
4c

Fig.3-23Analyses Using Equivalent Circuits
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Next find the parallel equivalent of &, and A, (Fig.3-23b)and then
convert back to an equivalent voltage source (Fig. 4c). From
¥19.3-23C one obtains directly the differential equation des-
cribing the magnetizing current as

% _e&:)_’e = __L'e Eé—. *'-,'.,7_
+Ra

LAy e R AR R (81)

wnich verifys Equation (68).

Additional Dynamics - Series Leakage Reactance

The next step is to modify the circuit to account for
an equivalent series leakage reactance. (Refer to Fig.3-24 where
4, has been added.) P n

4 ‘. 04
r—-—/V\M’WV\_r___j — Y .
1 l + l%

.f- |
e(::‘? 24{‘) §/€L = ‘3(:} ’1 %, ; ‘)f /_(‘a)

L | l

Fig.3-24 Leakage Reactance Added
Ladder analysis can now be applied. given that the proper
interpretation of L/i,)S o, as an operator on j;ﬁv alone,
is observed.

(4,5"'91)[ /é’i_ i J" Lezys 7 £,
Ly
,€+L,5 _[.2-/_2 + /
ol om i e
/
E:J_‘ Lalzz) S
o /
S R
| T =
hein s | L(Z3)S 2

Table 7 Ladder Analysis - Series Leakage Reactance

From Table 7 ,the ratio of Z, (the magnetizing current) to £,
is

Za » /

< (S K p s Ly em)SH L SR, (82)
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Loz )sZ, * £2,5#%,) Z, = &y X

L5+ rR,) R T (83)
Let A
2L _5‘,»,?1) L Sr/
Zoy = 1—_455-;7?— =L LEJ (84)
gt Ty 2rR, [/" S/
25%°7]
- 2l o e /
£¢[ L S+ 2, 2 rR, [W] (85)
2
The equivalent circuit is given in Fig. 3.25,
— 2eg |———
o : "
b l _Z;l ?L(I.)
Fig.3-25 Equivalent Circuit
Let e [z_e;]= ;?(‘9 (8e)
< [Eg]= ey® (87)

so that the differential equation, describing the magnetizing
current,becomes

z
7= .

or

1 z
AL o ee,('t)—_/;q (E=X) <y (x)dj (89.)
ke e T2y
The precise form of Equation (89) depends on the assumed values
of the parameters. For example, as & >oo .57.>£(‘,) and 27—>z€’ .
On the other hand, when #&,<K< 4&,,

s> £fa 4
AR T = P e
and )
R A (a1
- LA Bl
Z-‘; r(:f-'?;,
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For this. important.case,. Equat:.on (89 reduces to
<, _ g (€)= (X*'?-L).o:u

L L) (02)

and where ej(ﬂxs dependent on the form of the assumed voltage.
Given that e/#)=\/éw <& then

o = i, -2 4 (©3)
Ja'*éd"' 2 “r s+l 93 ]
ol ol
= Y« ey #
(s’vu) < StR, (94)
AS Vol C
= w3 V50T STey (95)
Therefore, ef(t) A coa T+ Baiew T # Ce” /4; z (96)
o e oL, Vw
A=cE s et ) (97)
L ik a8
_A_?/J"[(UL,)“*@‘?] (98)

In general, e;(é) will still have the form given in
Equation (96) when both £, and <« are retained. However,
the coefficients of the partial fraction expansion will be 3
different. Specifically,

e

L LV e
(aJ.L,) +?&’ me_‘)
(99)
6 t % 'e.z, f +’eﬂ.} }
R+ Ry wi )2+ (R+R)

Note that the increase in the "order" of the equivalent Vvoltage
source, due to the introduction of the energy storage element
£, does not particularly complicate the problem. That is,
the effect of £, on ei({)can be treated in an analytical

fashion - there is no need to "simulate" the complicating
effects of /L, as far as the equivalent source is concerned.

The effect of £, on the equivalent impedance is,
however more involved and does theoretically require that we
increase the order of the simulation model. Referring to
Equation (84), observe that the equivalent impedance approaches
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a constant value, for all frequencies, only for two cases:

a) K -—»oo b) Aj=re . For the intermediate range where
2 R, it becomes necessary to find the exact "impulse re-

sponse" of Z,,. To find out what this impulse response is,

write Equation (84) in rational form (i.e., the ratio of

polynomials with the numerator polynomial of one order less

than the denominator):

e, [-R’s,‘-/J s+,

= £ :f %
TR [Esd] U5 E2 ao

r
L 7 = ’ezz, (102)
= A L SA A?p‘f.a.]
L/
* A

—( R R)E (0%

e }.,}(‘y=,g Sye) — '%, e

Using Equation (103)and Equation (96), Equation (89)
becomes

AL (Aeoa wlst BainwlrCe //ﬂ,e See-22 e C—‘——“(t")k/x)/x
<Z <y (104)
Equation (104)simplifies only SllghtlY'
— s S
a(;; = (Neoa Ut Bain s+ Ce, 'j-,e Az(é)ff/ -‘(“ ), ) (105)
<l
L % (106)
(i 2= (Rt ) x)
e (= 7 ,{zcx)d‘x
so that
- 4 = (107)

Thus Equation (105)can be replaced by the system of equations

-f &
L4y 2 AeoawtrBaiiwltle "R <t (108)
¢ s
L .
o = 40 AL AR (109) 7

This system of equations has been programmed for the HP9830
and works well when f»"\‘:?l_ and < has a reasonable numerical
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value - on the order of o~ henrys. However, for 4 on the
order of s0~% henrys the HPS830 underflows. Hence the use of

Equation(96) is recommended only when £, has a significant value.

This condition can be checked quite nicely using Equation (84).
Note that Equation (8 ) gives the form

Zeg = s (110)
R AR <,

" [/
or c S 4
g | =T
A {

Zp= oaR, |2, ‘ (111)
L 4

We may compare the break frequencies «, and «J, against the
frequency of the input sine wave Vainw? . Ifw, &b >»> e« then
we may as well set

o

Ze; Row R, (112)

i

In this event, Equation (89) becomes

-L ¢ = v
Ao o (Acos Wl Basin w? + e f/:[e—ﬁi‘)f* (113)
al¢ L)

Therefore, the program devised for Figure3-(Equation (60)
can be used by letting

=
K »
e > Acoa 277+ Baino 77+ (o LA, (114)
; 6@_ s 77
R o> #ods = (115)
vl BEPN
where A (—4-/-'2,—)/—_7_—;7‘-67‘,1/.:, (116)
2z
-
o= XA [ (Brl) 2 (117)
L+ R (Wl )EA(Rr Ry

13
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A More Detailed Model

Consider Fig3-2% which makes provision for capacitive

reactances as well as inductive losses. (We draw a frequency
domain circuit diagram.)

CaS| (

} - CoTeN €™
1 i

Fig.3-26A More Comprehensive Equivalent Circuit

This circuit can be reduced to the nonlinear first order

form via the_zuccessive transformations given in Fig. 3-27
| (€15

LS
"N s 45 [ & 1
/ A < |
—T 6 g P - MAAN_ Jrrm/.’s ]]
— L > E +é> : J—_L. 3
as 4 2% {I TEs

z P 4x)
a b
_[ ' LS
R L +-‘§3é§ e
2 =
LgCP [ B e
C
45
el BTT T
T —}L
STl g e
| /%% !fz‘s' 2R Té R A @
£ } < £
-t ﬁ N
l 1 l i P e I
fmt“s g
; — R
345 [; Z =R 577
£CS i e Iz
,__-J : PR - -/
| - R, { HJZ%' | /gé:;+/
e

Fig.3-27 Reduction of Figd.¥ To First Order Form of Fig. 31.20
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2{23 l /"'LZ# !
£
I =F
7., LS r s

| i 2z = 5
| 2 ZZ, '3%14““2, -:§ 7

g

e

T > . LReCaSHeaS R (110)
%5 . J R,Cq S+ /

<
= % J L Z - LR CS 4L, 5tR (120)
% ¥ R, ovr
o T
, w2 (121)

Figa.27(con't) Reduction of Fig.-26to First Order Form of Fig. 3-27

Letting jef(‘) — [z,mj (122)
and

Qope) =X T35 z e,zzz )] (123)
gives the first order form

oL L _ e.gcejjg‘, (E-7)4(r)dr (124)

At it L)

Substituting the equivalent impedances into Equations (122)and
(123) gives explicit expressions for ,Zp;(;)and E;i(s) 5

Zeg = L8 _(OBS 4B BLTs Ty 5w ) (125)

RrRy  NR7LSTe 7 (717 )5 Tt 7+ 2 7|S+/ 7
it el f»e:_-t g,gz

/ RrRy TRTS .,;7;_(;‘*2)(1 L-/',«. e r,elr S (126)




£2
) N Fhatac)

o -
% A

(129)

One may evaluate quation (125)and (126), for given para-
meter values, and check for resonances, the relative importance
of each term in Zeg and éi? , etc. For example, the importance
of the various break frequencies encountered in <<y and éiy
can be assessed using Bode plots, on the basis of their
relavance to the frequency of the input sinusoidal. For
example, if Equation 125 were to yield a break frequency at
5000 AZ we would choose to ignore it if the input sinusoid
were at 60 4z . However, a break frequency at 5000 #Z would
have to be retained in the model if the input frequency were
1000 #Z. These points are demonstrated with an example. Let

-8

= -6
Jf"éo//l} R=0/, =00/, 4=Ly=s0 , C=r0,

¢, =20~
Using these numbers, it can be shown that Zei and &eg can be
factored explicitly as ¥ die
27-/‘91%% : (;::27@”//]5;*) 5 (130)
, 7 1)3342)(;)¢4)
i - R& | (Bs+)(HSr) ?.a?/x/a"féa‘i—o*’) ()
! S e
ER | (25 (LSF(RSH) (131)

and C'-e;”“ 2R, CRSH) (B SFD( s 7)

Ceg n K | (TySt!) _ . 09/ (n (132)
£ BFRy " (RS (v +0)

7 Since the input frequency is 377 rad/sec, the break fre-
quencies of Equations (130) and (131) are of no concern and we may

f as well set
2 '
Zeg = 255, (133) 1
E A
and é?y - 25;%3_ (134) ]

Load current and magnetizing current are plotted in Figs. 3-28
and 3-29 for two different values of input voltage (V=3 and
V=5). In addition, the spectral content of the load current,
for the V=5 case, is examined in Fig. 3-30

In both cases (V=3, V=5), the following parameter values
were used for the nonlinear model:
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TABLE 8

Model Parameters, Illustrative Example

N = feo
s, = SIS X20 e P20 <
X = S ATK0™F o

Al T X0 T A

o

g = Ay L
A = FO e

Note the large "inrush" component in the magnetizing
current (for the 3 volt case) that dics out to an extreiely
small value after the first cycle. This is not the case for
the V, =5 volt input - there it is seen that the "inrush"
current componecat, although significan
the plot of magnetizing current vs.

, Goes not dowminate in
g

o

Note that the frequency dependent terms in Equatiocns (125)
and (126 exnibit a pole-zero cancelliation trend which scews to
indicate that oaly a few of the time constants should be re-
tained in a much more simplified model of the transforwer.

That is, the wmodel of v, in Equation (125)was a fourth

order polynomial which reduced to a second order polynomial

over a first order polynomial. For this particuliar set of para-
meter values, we decided to ignore the additional dynanics
introduced by this lead-lag-lead {actor only because the break
frequencies were suificiently nigh with respect to the 60 #/~
input sine wave. (377 rad/sec). FHowever,these additional dy-
namnics should be taken into account for input waveiorms that
have frequencies greater than about 660 rad/sec.

To conclude, it is apparent that the iwportance of the
frequency depcindent terms in Equations (125)and (126) should ke
cvaluated. for each individual casc in oxder (O guain insignt
into the character of Zey and &ep . TFor example, using the
nunbers given in the illustrative ckumg;e, 1t was seen that al
the roots of the polynomials were first order terms. lLowever,
this does not nccessarily iadicate that this will always be tae
case, For exaaple, a different set of parameter values might
yvield lightly damped quadratic terms which would indicate the
existance of resonant frequencies.

1
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3.4 200KW Transformer

The original plan was for the 200KW system to
be a scaled-up version of the 10KW system. At the
time, it was not known what the effect of nonlinear
characteristics would be on this intended scaling.
In fact one of the program objectives was to determine
the extent and predictability of these nonlinearities.
As the work progressed, it became evident that direct
scaling was not possible. This being the case, some
preliminary 200KW designs were run with resulting
system specific weights of less than 0.1 1p/KVA. The
10K W test results will contribute to the establishment
of coil separation and interleaving requirements of the
200 KW unit. Detailed design of this unit will follow
and final 10KW transformer/rectifier fabrication and
testing.

4.0 Conclusions

The program is proceeding on schedule. Valuable
information has been obtained from the 10KW fabrication
and testing which has permitted the elimination of
several inaccuracies in the computer programs, and the
addition of certain new features such as "pie" winding
design capability. New techniques for the fabrication
of lightweight "pie"windings have heen developed which
show great promise. Several prototype 10KW units have
been completed and subjected to preliminary testing. A

10KW water cooled T/R unit will be completed in August 1976

as scheduled.

Several improvements were made in the magnetic core
model which permit the accurate simulation of hysteresis
and I-V curves for most core materials. A procedure was
developed for determining the complete dynamic behavior
of any transformer which can be represented by lumped
parameters and the nonlinear core model. This procedure
yields both time dependent characteristics and harmonic
content. It requires that all of the transformer
characteristics be specified.

The 200 KW transformer design should proceed without

difficulty after the 10KW unit is complete.
L]
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